Campylobacter jejuni is widely distributed in the environment, and river water has been shown to carry high levels of the organism. In this study, 244 C. jejuni isolates from three river catchment areas in New Zealand were characterized using multilocus sequence typing. Forty-nine of the 88 sequence types identified were new. The most common sequence types identified were ST-2381 (30 isolates), ST-45 (25 isolates), and ST-1225 (23 isolates). The majority of the sequence types identified in the river water could be attributed to wild bird fecal contamination. Two novel clonal complexes (CC) were identified, namely, CC ST-2381 (11 sequence types, 46 isolates) and CC ST-3640 (6 sequence types, 12 isolates), in which all of the sequence types were new. CC ST-2381 was the largest complex identified among the isolates and was present in two of the three rivers. None of the sequence types associated with the novel complexes has been identified among human isolates. The ST-2381 complex is not related to complexes associated with cattle, sheep, or poultry. The source of the novel complexes has yet to be identified.
Contamination of the environment by bacterial pathogens is a significant health concern, as it provides a continuous source of organisms for the infection and reinfection of humans and animals. Enteric pathogens gain entry into the environment through the discharge of sewage into water and via contamination from animal feces (22) . Fecal contamination is responsible for the continued presence and spread of a range of pathogenic organisms, including Campylobacter, norovirus, and Escherichia coli O157. Determining the roles of various environmental sources in human enteric disease requires an understanding of the distribution, survival, population structure, and pathogenic potential of the pathogens in the environment.
Campylobacter is the most common cause of gastrointestinal illness in the industrialized world (17) , imposing significant economic costs on health systems, and is associated with a number of neurological sequelae (32, 33) . The majority of human campylobacter infections are caused by Campylobacter jejuni (90%), with Campylobacter coli mostly responsible for the remainder. Although Campylobacter has been isolated from a wide range of animals (41) and birds (47, 48) , contaminated poultry and poultry products remain the most significant sources of human infections (10, 38, 50, 51) . Campylobacter is a spiral gram-negative organism that grows best under lowoxygen conditions at 42°C. The organism is unable to grow outside an animal host, and survival in the environment is dependent on ambient temperature, oxygen levels, and sunlight.
Studies worldwide examining rivers and waterways show that there is significant contamination by Campylobacter, with the sources being sewage outflow, direct fecal deposition, and pasture runoff (12, 22, 34, 37, 39) . Similarly, coastal waters and estuaries can be contaminated by either sewage or bird fecal deposition (23, 35) . The inability of Campylobacter to grow in the environment and its sensitivity to sunlight are thought to ensure that the organism is eventually purged from the system. However, the high levels of the organism identified in water systems have been highlighted as a risk for human infection.
The characterization of campylobacter populations by multilocus sequence typing (MLST) has shown that the organism is weakly clonal and that certain clonal complexes are associated with particular animals (5, 9, 26) . Isolates from human cases of infection show a wide variety of sequence types and many clonal complexes. Source attribution studies using MLST have identified poultry as causing approximately 60% of human infections (14, 38, 50) . Cattle have been identified as a potential source of infection due to the high level of similarity between bovine and human strains (18, 19) . There remains, however, a significant number of infections for which the source is not certain.
New Zealand has one of the highest rates of campylobacteriosis in the developed world. This is due to the significant quantity of fresh chicken consumed coupled with high levels of contamination found in poultry products (1, 10, 51, 52) . Campylobacter has been isolated from a range of environmental sources within New Zealand, including its rivers and streams (12, 37) . Isolation rates for rivers in New Zealand range from 55 to 90%, comparable to results of studies over-seas, and show the same seasonal variation as that seen elsewhere in the world (20) . Pulsed-field gel electrophoresis (PFGE) analysis identified indistinguishable macrorestriction profiles for cattle, human, and river isolates, suggesting river water as a potential source of infection (8) . In this study, C. jejuni isolates from three rivers in New Zealand, two on the South Island and one on the North Island, were characterized using MLST.
RESULTS
The sequence types identified in each river are given in Table 1 . Among the 244 isolates characterized by MLST, 88 sequence types were identified, of which 49 were new and another 7 were unique to New Zealand. Novel sequence types represented less than one-half of the isolates (45% 5%] ). Two additional complexes, the ST-2381 and ST-3640 complexes, were identified using eBURST3, although they have not been assigned in the Campylobacter PubMLST database. A minimum spanning tree for the water complexes is shown in Fig. 1 All of the major clonal complexes (eight isolates or more), except for CC ST-2381 and CC ST-3640, were identified in all three rivers. The ST-2381 complex was the dominant complex of the Ashburton (25% of the Ashburton isolates) and Manawatu (30% of the Manawatu isolates) rivers. The major complex in the Taieri River was CC ST-1275 (19% of the Taieri isolates). No member of CC ST-2381 was found in the Taieri River, and no member of CC ST-3640 was found in the Ashburton River.
Six of the seven alleles in ST-2381 were new, and their sequences were distinct from those of the rest of the C. jejuni alleles in the Campylobacter PubMLST database, differing by up to 10 bases from their nearest allele. A neighbor-joining tree of the individual loci clearly identified them as C. jejuni alleles by comparison to other C. jejuni and C. coli allele sequences (Fig. 2) . The ST-2381 complex is distinct from other water sequence types ( Fig. 1 and 3 ) and from all other clonal complexes in the Campylobacter PubMLST database. Of the 19 alleles identified in the complex, only aspA1, aspA175, gltA216, and uncA102 have been reported outside New Zealand.
The ST-2381 and ST-3640 complexes are related, sharing up to three alleles (aspA175, gltA216, and glyA282) (Fig. 1) . The majority of the alleles in CC ST-3640 have been identified in isolates from a range of sources worldwide. Based on the minimum evolution tree (Fig. 3) , the ST-3640 complex is related to CC ST-42 and CC ST-45.
DISCUSSION
The contamination of drinking water by Campylobacter has resulted in a number of well-characterized outbreaks, highlighting the potential of any water source to act as a transmission route for the spread of Campylobacter infection (3, 25, 36) . The recreational use of water has been documented as a risk factor (24, 50) , and within New Zealand, it has been estimated to cause 5% of Campylobacter infections (14, 45 Manawatu  436  2  7  21  5  62  4  61  44  Manawatu  526  2  2  15  4  27  13  80  23  Taieri  526  2  2  15  4  27  13  80  23  Taieri  992  3  2  59  4  27  126  29  23  Ashburton  995  3  2  4  84  105  126  25  57  Taieri  995  3  2  4  84  105  126  25  57  Manawatu  996  1  2  29  84  48  131  25  57  Taieri  996  3  2  29  84  48  131  25  57  Manawatu  1030  1  37  4  4  48  13  25  57  Manawatu  1243  1  81  155  30  163  231  43  93  Ashburton  1256  1  10  8  34  6  39  88  3  Ashburton  1457  3  2  165  73  147  220  190 and level of contamination of water by Campylobacter have been measured in different water systems, and it is evident that rivers, waterways, and beaches are significantly contaminated and that the levels vary depending on the season and the sampling site (2, 22, 37, 46) . Most studies have shown that rivers and waterways have peaks of contamination in spring and early autumn, with reduced numbers during the peak sunshine months. A similar pattern has been identified for rivers in New Zealand, although most human cases of campylobacteriosis are reported during summer. The source of Campylobacter in rivers and its association with human disease have been investigated using a number of typing methods, including Penner serotyping and PFGE (2, 12, 20) . Indistinguishable macrorestriction profiles were identified for water and human samples. Similarly, identical Penner serotypes were found in both sets of isolates. Combining both typing methods suggested that the risk of infection from river water was low, although the same subtypes were identified in both water and human samples (8, 12, 20) . The presence of the same subtypes in both sets of isolates could result from human infection from river water or from contamination of river water with human fecal material, and if the latter is true, one need not infer a public health risk from contaminated rivers. More recently, MLST has been used to analyze campylobacter populations in river water (28, 39) . The majority of water isolates identified in this study have sequence types not previously associated with isolates from human infections. This finding is in agreement with other studies that have identified novel sequence types associated with environmental water samples (15, 26, 28, 39) .
A range of clonal complexes were identified in the river water samples. The major complexes, apart from the two novel ones discussed below, were CC ST-1275 and CC ST-45. The ST-1275 complex was identified only in environmental water samples in Canada and was not found in contemporaneous samples from human infections (28) . In the Campylobacter PubMLST database, it is also associated with a range of different wild birds. There have been very few reports of human infections with members of this complex, and it is likely that the major source of CC ST-1275 in New Zealand river water is wild bird feces. ST-45, the founder sequence type of CC ST-45, was the major type identified in samples taken from river water in FIG. 3 . A minimum evolution tree was constructed for the concatenated New Zealand river water sequence types (3,309 bp) by use of the Kimura two-parameter method (with 1,000 bootstrap replicates). The tree was drawn to scale, and the units are numbers of base substitutions per site. The sequence type marked "New" in Table 1 was omitted from the analysis. Sequence types from clonal complexes associated with particular environmental niches are shown. The river water-associated sequence types are represented by blue circles, wild bird-associated sequence types are shown with red circles, ruminant-associated sequence types are shown with dark green squares, and poultry/wild bird-associated sequence types are shown with purple triangles. (16), and it is likely that bird fecal contamination is a significant source of ST-45 in river water. All three rivers run through areas associated with significant farming activity, and runoff from the land is drained into the rivers. Clonal complexes associated with cattle and sheep, CC ST-61 and CC ST-42 (27) , were identified among the water isolates, but not in significant numbers. This was surprising, although similar results were found in the study from northwest England (39) . It is possible that adaptation to the ruminant gut has reduced the ability of some types to survive outside their environmental niche.
A surprising result of this study was the identification of two novel complexes, each associated with two of the three rivers tested over different periods. The ST-2381 complex consists of 11 STs, none of which have been identified elsewhere. It was present in the Ashburton (South Island) and Manawatu (North Island) rivers over a period of 7 years, suggesting that the source of the complex is widespread and endemic. Despite its being the most significant complex present in the two rivers, it has not been isolated from any of the commonly reared livestock (cattle and sheep) or poultry in New Zealand. The lack of evidence linking CC ST-2381 to any other niche-associated complex makes it difficult to ascertain the source. Deer are reared in New Zealand, but studies in Norway have shown that deer do not appear to carry significant numbers of C. jejuni organisms (29) . Other possibilities include possums, rabbits, or native birds, although no C. jejuni isolates were identified in a New Zealand survey of possums and rabbits (8) . C. jejuni isolates have been identified in rabbits in the United Kingdom, but the predominant sequence type was ST-45 (26) .
The ST-3640 complex was present in both the Manawatu and Taieri rivers over different periods. Like CC ST-2381, CC ST-3640 is widespread and endemic in New Zealand, and it is unique. One member of the complex has been identified in the United States, isolated from a C. coli chicken meat isolate (Campylobacter PubMLST database [accessed 5 April 2009]).
The ST-3640 complex appears to be related to CC ST-42 ( Fig.  3) , a complex associated with ruminant animals, suggesting a link to cattle and sheep, but no evidence for this has been found. It also appears related to CC ST-45, a complex associated with a range of environmental niches. More interestingly, CC ST-3640 shares a number of rare alleles with CC ST-2381, namely, aspA175, gltA216, and glyA282. The glyA282 allele has not been identified outside New Zealand and has only been found in river water isolates. This suggests that at some stage the two complexes shared a common host, allowing the interchange of alleles. It is likely that the two complexes identified in river water represent host-specific complexes, such as those identified in geese and starlings (4, 6) . The large numbers of strains isolated from the different river systems over extended periods also indicate that this may be an environmentally welladapted complex, as proposed for ST-45 (39) .
Despite the presence of Campylobacter in river water and the low infective dose (44) , the risk associated with water has been shown to be low (50) . This is most likely due to the treatment of drinking water extracted from rivers and the small numbers of potentially pathogenic Campylobacter bacteria present in river water (30) . The majority of the isolates identified in river water samples could be linked to wild birds. The clonal complexes CC ST-45, CC ST-177, CC ST-677, CC ST-692, CC ST-1034, and CC ST-1275 (4, 16, 24, 26) have all been identified in isolates from wild birds. Among the isolates not assigned to a clonal complex, seven were identified in wild birds (4), and evidence from microarray studies has linked ST-2381 to avian sequence types (N. French, unpublished results). This suggests that upwards of 60% of isolates found in river water could conceivably be derived from wild birds.
The diversity in the C. jejuni isolates obtained from rivers in New Zealand mirrors the diversity that has been found in environmental samples elsewhere in the world (15, 26, 28) . Common sequence types and clonal complexes, such as CC ST-21, CC ST-45, CC ST-48, and CC ST-61, make up approximately half of the isolates, with the rest being rare or new. The new sequence types appear to be local, with few subsequently being identified elsewhere in the world. This pattern of distribution of environmental samples has been seen in Canada (28) , the United Kingdom (15, 26) , and New Zealand. It reflects the small number of studies that have been performed so far but could also be explained by host-specific sequence types, with the host being a native animal. Our study is the first report of novel complexes specifically associated with water isolates, and we believe that it represents the presence of unique campylobacter populations in New Zealand native fauna. This may be associated with the geographical isolation of New Zealand allowing local campylobacter populations to diverge.
